To investigate whether intravascular ultrasound provides additional information regarding the prediction of stent thrombosis, a retrospective multicentre registry was designed to enrol patients with stent thrombosis following stent deployment under ultrasound guidance.
Introduction
Although the incidence of stent thrombosis has diminished with improvement in stent design, deployment, and adjunctive pharmacology, it continues to occur in up to 1·9% of cases with a high associated morbidity and mortality [1] [2] [3] [4] [5] . At the current world-wide level of intracoronary stenting with this incidence, stent thrombosis may occur in up to 12 000 patients per year. There are several clinical, lesion-related, stent-related and technique-dependent predictors of stent thrombosis which have come from retrospective analysis of single centre stent experience in recent years. However, there are no current multicentre trial data available to allow confident prediction of this event in any individual patient. The initial use of intravascular ultrasound to deploy the Palmaz-Schatz stent and newer generation stents has contributed to improved stent deployment through appropriate balloon sizing and the use of highpressure dilatation to achieve full stent expansion, complete apposition to the vessel wall, and full lesion coverage [1] . However, it is not certain whether the qualitative information derived from ultrasound analysis of a deployed stent will provide additional features predictive of subsequent stent thrombosis. Thus, this retrospective registry was designed to collect clinical, angiographic and ultrasound data on patients undergoing stent deployment who went on to sustain a stent thrombosis, with additional data on the specific treatment and outcomes of this event.
Methods

Study design
The Predictors and Outcomes of Stent Thrombosis (POST) Registry was designed to identify the intravascular ultrasound predictors of acute (<24 h) and subacute (24 h to 4 weeks) stent thrombosis. This multicentre, retrospective registry enrolled cases from 1991 to 1996 from North America, Europe and Japan (see Appendix). After enrolment, cases of stent thrombosis were identified where intravascular ultrasound was used during deployment and analysis was based on a clinical registry compiled from case report forms, intravascular ultrasound imaging tapes and angiograms at deployment.
Inclusion criteria
Inclusion criteria for the registry were intentionally broad to maximize enrolment. All clinical presentations including elective or emergency stent deployment were included. Single and multiple stents of all stent types were enrolled. Pre-stent treatment with any transcatheter therapy was allowed. The major criterion was that an intravascular ultrasound examination was performed post-deployment and that images were of sufficient quality to be interpreted by the core laboratory. A total of nine participating centres from North America, seven from Europe and two from Japan contributed cases to the study. A total of 53 cases of stent thrombosis fulfilled the inclusion criteria and were enrolled in the registry.
Case report forms were designed to include three sections: (i) clinical details, (ii) procedure details, and (iii) outcome and treatment of stent thrombosis. In addition, details of the daily course of antiplatelet and antithrombotic therapy were documented on a separate clinical report form. From these data, the clinical details of the initial interventional case was determined and analysed.
Intravascular ultrasound analysis
Intravascular ultrasound image analysis was undertaken at the Quantitative Coronary Ultrasound laboratory at Stanford University, California. Several quantitative and qualitative criteria were determined with respect to the deployed stent(s) and reference vessels proximal and distal to the stent using the TapeMeasure 2.1.0 analysis program (Indec Systems, Mountain View, CA, U.S.A.) by at least two independent observers. The final intravascular ultrasound run at the end of the procedure was selected as the imaging sequence for analysis. Vessel, lumen and plaque area were drawn by planimetry proximal and distal to the stent in the most normal frame within 5 mm of the stent edges. Stent area was determined by planimetry at the distal and proximal stent edges as well as at the minimum stent crosssectional area. Stent under-expansion was defined as minimum stent area <80% of mean proximal and distal reference lumen areas. Stent deployment was also assessed according to the MUSIC criteria, namely, complete apposition and expansion (minimum stent area [MSA] >90% average of proximal/distal segments or MSA >100% of lowest reference segment or MSA >90% proximal segment, revised to 80%, 90%, 80% respectively if MSA >9 mm 2 ) [6] . The definition chosen for significant inflow disease was that the proximal reference lumen area was less than the distal reference lumen area in the presence of d40% plaque area in either segment. Outflow disease was defined as the presence of plaque d40% vessel area. The presence of calcium and the plaque morphology (fibrous, fibro-fatty or fibro-calcific) in the reference segments was also documented. Residual dissection or edge tears were defined as a visible flap outside stent edges with blood speckle behind the intimal flap or at mid-stent articulation for the Palmaz-Schatz design when present. Malapposition was identified by recognition of a relatively echo-free space between the struts and intima with evidence of blood speckle. Plaque protrusion was defined as visible tissue on the luminal side of the stent struts, but lacking any of the identifying characteristics of thrombus. Thrombus was defined as the presence of tissue within but adherent to the stent with an ultrasound intensity less than half of the adventitial signal. When present, a scintillating appearance, a lobular irregular edge, microchannels and/or movement in an undulating manner separate from the artery confirmed the presence of thrombus.
In order to compare the data from the POST registry with comparable control data, qualitative and quantitative ultrasound variables from one registry of intravascular ultrasound-guided stenting and two prospective studies of intravascular ultrasound-guided against angiography-guided stenting were used. Four variables -percent stent expansion, malapposition, edge tears/dissection, and thrombus -from POST were compared with the equivalent ultrasound parameters from three other studies. These were (1) STRUT (Stent Treatment Region assessed by Ultrasound Tomography) [7] , which was a multicentre registry of intravascular ultrasound-guided stenting in clinical practice, (2) CRUISE (Can Routine Ultrasound Influence Stent Expansion) [8] , which was a prospective randomized multicentre trial of intravascular ultrasound-guided vs angiography-guided stenting with clinical follow-up, and (3) AVID (Angiography Versus Intravascular ultrasound Directed stent placement) [9] , which was a randomised trial similar to CRUISE. These three studies were selected by the POST investigators for comparison as the ultrasound analysis was also performed by the same ultrasound core lab (Center for Research in Cardio
Coronary angiography analysis
Angiographic image analysis was performed at the Quantitative Coronary Angiography laboratory at Stanford University Hospital. The angiographic runs selected were a composite of the views taken at the end of the procedure and analysed by an independent observer (D.L.) blinded to the intravascular ultrasound images during the case. Whether or not a residual diameter stenosis of 0% or less was achieved was determined by visual assessment. At angiography, inflow/ outflow disease was defined as a diameter stenosis >50% immediately proximal or distal to the stent edges and other definitions used were standard. Filling defects and all dissections visible angiographically were described.
Statistical analysis
Comparable dichotomous qualitative data for ultrasound and angiography were analysed using McNemar's test. Individual ultrasound variables were compared with existing data using the chi-square method with Yates' correction where appropriate. Comparison of continuous variables in the acute and subacute stent thrombosis groups was done using an unpaired Student's t test. A P value of less than 5% was considered statistically significant.
Results
Patient and lesion demographics
The clinical characteristics of the patients enrolled in the study and the coronary artery lesion undergoing intervention and subsequent analysis are described in Tables 1 and 2 . The mean age of patients was 61 9 years and the left ventricular ejection function was 55 16%. The majority of patients in the study had an unstable coronary syndrome and just under two-thirds of patients had complex lesions of AHA/ACC class B2 and C. Ninety percent of stents were deployed in the proximal or mid segments of the vessel with the remainder deployed in distal arteries or across two segments. The majority of patients had a single stent deployment with the maximum number deployed being four. The mean number of stents per artery was 1·6 with a median of 1. Six percent of patients had high-speed rotational atherectomy prior to stenting with the remaining 94% having balloon angioplasty alone.
Post-procedure antithrombotic and antiplatelet therapy in the registry reflects the fact that patients were enrolled over a period of 5 years with an evolving protocol of antithrombotic management after stent deployment. All but three patients had oral aspirin following stent deployment, with 40% having aspirin alone as therapy (n=21, 6 of whom also had warfarin). The remaining 54% (n=29) received ticlopidine and aspirin for at least 4 weeks following stenting.
Stent deployment by intravascular ultrasound
Intravascular ultrasound measurements are given in Table 3 . By ultrasound, average percent expansion was 82% of average reference lumen area, 91% of distal reference lumen area, and 76% of proximal reference lumen area. Given that the mean minimum stent area was 7·7 2·8 mm 2 , mean stent expansion did not meet any of the expansion criteria of the MUSIC study [6] . With respect to these criteria, 31 stents achieved none (58%), seven stents achieved one (13%), nine stents achieved two (17%), and six stents achieved all three (11%). The minimum stent area was found in the proximal, mid (articulation) or distal stent segments in 20%, 17% and 63% of stents, respectively. In the proximal and distal reference segments, the percent plaque area was 42·6% (range 13·4-78·2%) and 40·9% (range 0-83·0%), respectively.
Plaque morphology in the reference segments up to 5 mm proximal and distal to the stent were described qualitatively ( Table 4 ). The segment was described as normal where c15% of vessel area was intimal thickening, given the mean age of patients in the study. A total of 11% of proximal segments and 8% of distal segments fell within this definition. Calcium was described in 18% of proximal or distal reference segments with a minority of deposits greater than 180 in extent. The concordance between proximal and distal plaque type with respect to fibro-fatty plaque, fibrous plaque or plaque with >180 calcium present was 65%.
Comparison of intravascular ultrasound and angiography after final stent deployment
With intravascular ultrasound, under-expansion less than 80% of mean reference area was found in 49% of cases (n=26) compared to 11% (n=6) where angiography identified a residual diameter stenosis >0%. Malapposition was also seen in 49% of cases by intravascular ultrasound (Fig. 1) . Inflow/outflow disease on intravascular ultrasound examination occurred in 30% of cases (n=16; 7 inflow, 3 outflow, and 6 inflow/ 
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outflow) compared to 15% of cases (n=8; 2 inflow, 6 outflow) by angiography. With intravascular ultrasound, in-stent thrombus was seen in 23% of cases (n=12) (Fig. 2) compared to a filling defect at angiography in 13% (n=7). Intravascular ultrasound demonstrated edge tears in six and dissections in eight cases (a total of 26%) (Fig. 3 ) compared to obvious dissection in 2% (n=1) of angiograms. Another abnormal ultrasound parameter, plaque protrusion (defined as plaque border inside the stent struts), was seen in 19% of cases (n=10). An additional angiographic parameter, less than TIMI 3 flow was seen in 6% of cases (n=3). Two abnormal ultrasound parameters occurred in 38% of cases (n=20) with three or more in 30% (n=16). By comparison, two abnormal angiographic parameters occurred in 21% of these cases, with only one case demonstrating three abnormalities. In total, an abnormal intravascular ultrasound appearance was seen in 94% of cases (50 patients) subsequently sustaining a stent thrombosis compared to 32% (17 patients) of angiograms (chi-square=30·0, P<0·001).
Comparison of POST with other intravascular ultrasound-guided stent trials
Percent stent expansion was similar in POST to that in STRUT, CRUISE and AVID, but the incidence of malapposition, edge tears/dissection and intra-stent thrombus was significantly higher in the POST registry compared to these other three studies (Fig. 4) . A direct statistical comparison was made between absolute parameters in POST (n=53) and the STRUT (n=111) registry. No difference in stent under-expansion (<80% reference) was seen, but malapposition (chi-square= 11·72, P<0·001), edge tears or dissection (chi-square= 5·60, P<0·05), and thrombus (chi-square=26·75, P<0·0001) were significantly more common in POST than in STRUT.
Comparison of acute with subacute stent thrombosis
Subgroup analysis was done comparing acute stent thrombosis (within the first 24 h) with the remaining subacute cases. Overall, the average time to thrombosis was 132 h (range 0-600) or approximately 6 days after stenting. Eleven patients (21%) had acute thrombosis at a mean of 12 6 h, and the remaining 42 patients had a subacute thrombosis at a mean of 164 121 h (into the 7th day). In the acute group, the clinical presentation was unstable/post-infarction angina in 63%, compared to 55% in the subacute group. There was no significant difference in the stent number per artery or the minimum stent area although left ventricular function was better in the acute group (Table 5) . Percent stent expansion was no different between groups when measured with respect to proximal reference area or to average reference area, but stents were better expanded with respect to the distal reference in acute thrombosis compared to the subacute thrombosis group. Under-expansion <80% of average reference area was similar, 36% acute vs 50% subacute, although with respect to the distal vessel, under-expansion <90% of distal vessel was seen in 18% acute vs 64% in the subacute group (chi-square=5·73, P=0·017). Malapposition was 64% in acute thrombosis vs 45% in subacute thrombosis although this did not achieve statistical significance. No significant difference in inflow/outflow disease or jailed side branches was noted. An increased number of edge tears/dissection was seen in the subacute thrombosis group, 47% vs 27% and 
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in intra-stent thrombus 24% vs 9% compared to the acute stent thrombosis group, although both failed to achieve statistical significance mainly due to sample size.
Treatment and outcome of stent thrombosis
A total of 85% of patients underwent emergency coronary intervention: 36% had balloon angioplasty alone, 20% had angioplasty plus additional therapy (thrombolysis, abciximab or both) and 29% received a further stent, some of these also receiving intracoronary thrombolysis. Six percent had an emergency CABG and 9% had no revascularization. Two-thirds of the patients suffered a myocardial infarction by enzyme criteria and there was an overall mortality of 15%.
Discussion
The POST registry is the largest retrospective collection to date of patients sustaining a stent thrombosis who underwent an intravascular ultrasound study after stent deployment. The registry was not controlled for stent deployment without intravascular ultrasound guidance or for the ultrasound appearance of stents deployed without subsequent stent thrombosis, and thus comparison was made with existing studies. In POST, many stents sustaining acute and subacute thrombosis were under-expanded, which is consistent with previous data on stent expansion from other multicentre ultrasound registries of stent deployment [7] [8] [9] , suggesting that stent expansion itself is not a predictor of subacute thrombosis. Edge tears and dissection were found to a greater extent in the STRUT registry [7] , and to a greater extent than in the prospective studies CRUISE [8] , and AVID [9] . However, almost one half of patients sustaining stent thrombosis had malapposition, which is considerably higher than in these other series [7] [8] [9] . Also, up to a quarter had in-stent thrombus seen at ultrasound. These data from POST confirm the importance of morphologic variables documented by intravascular ultrasound even where stents may be relatively well-expanded by existing standards.
Stent thrombosis has become a less frequent event with the advent of high-pressure dilatation and antiplatelet therapy [4, 10, 11] . Initial use of ultrasound during traditional stent deployment showed that 80% of stents were under-expanded (<70% of balloon crosssectional area) and led to the hypothesis that stent thrombosis might be decreased as a result of optimal stent placement with high-pressure balloon dilatation under ultrasound guidance without the need for anticoagulation [12, 13] .
To examine clinical predictors of subacute stent thrombosis, a study of 19 cases from 1001 consecutive patients from 1993-5 was reported [14] . Following highpressure dilatation to achieve less than 20% residual diameter stenosis, intravascular ultrasound was used in 72% to guide final deployment. Patients with an unsuccessful angiographic outcome were treated with warfarin; otherwise, a combination of aspirin/ticlopidine or aspirin alone was used. Indications for stenting, site and complexity of the lesion were no different between the groups. Slow flow at angiography, but not residual dissection post intervention, was a strong predictor of thrombosis. With intravascular ultrasound, a smaller minimum stent area was seen in the stent thrombosis group, 5·9 1·7 vs 7·8 2·5 mm 2 (c.f. 7·7 2·8 mm 2 in the POST registry). These data confirmed that bailout stenting, a factor predicting stent thrombosis in earlier studies [15, 16] , only carries a high risk for subsequent thrombosis if the underlying angiographic problem is not fully corrected. In another review of 10 thrombosis cases in 215 intravascular ultrasound-guided stents, stent thrombosis occurred in smaller reference vessels, 2·7 0·5 vs 3·2 0·6 mm (c.f. 3·2 0·8 mm in POST). The only independent predictors of risk were initial stent lumen area, 4·80 1·33 mm 2 vs 6·86 2·08 mm 2 , and final stent percent plaque area, 70·1 6·1% vs 58·4 9·8% [17] . In contrast to POST, morphologic variables were not examined in this retrospective study
In the ISAR (Intracoronary Stenting and Antithrombotic Regimen) trial, a composite risk assessment for adverse outcome was devised from a list of 18 clinical, lesion-related, and procedural variables (stent length, residual dissection, residual thrombus and stent overlap) in 517 patients [18] . Stent thrombosis occurred in 5·9% of high-risk (d4 criteria), 2·7% of intermediate risk (3 criteria) , and 0% of low risk (c2 criteria) patients. In contrast to the low-and intermediate-risk groups, in high-risk patients, the stent thrombosis rate was 11·5% with anticoagulant therapy and 0% with anti-platelet therapy (P<0·001). A wider review of stent outcomes was described by the same group in 2894 procedures from 1992-7 in whom 80% received aspirin/ticlopidine with a documented stent thrombosis rate of 2·3% [19] . Residual dissection after stenting by angiography and the use of ticlopidine after day 3 were the two major influences on stent thrombosis. Although the stent thrombosis rate in standard interventional practice is low, an increased risk of late thrombosis (in up to 9% of stents) following intracoronary stenting and intracoronary irradiation indicates the potential value of intravascular ultrasound in guiding successful intervention in higher risk situations [20] .
Limitations
The POST registry is retrospective and does not have a comparable control group of ultrasound-guided stent deployment cases without thrombosis. At present, stent thrombosis is a rare event and prospective comparative data will only come from analysis of the large multicentre ultrasound-guided stent deployment trials. Despite the selection bias of POST, the observations remain valid and can still be compared with other stent registries where intravascular ultrasound was used to guide deployment and where significant differences were observed with respect to POST.
It is still a limitation of ultrasound to diagnose thrombus with complete specificity. However, several qualitative criteria such as a scintillating lobulated appearance, microchannels and fluctuation in a direction opposite to the vessel wall were used. The definitions applied in this study to inflow or outflow disease by ultrasound or angiography are arbitrary but are consistent with the historical observation that successful stenting should be performed from normal or near-normal segments from proximal to distal artery [1] . The POST registry came from a period of evolution of antiplatelet therapy. However, the majority of patients still received aspirin and ticopidine with only three of 53 patients receiving no aspirin. Although this may be considered an additional risk factor for stent thrombosis, the discrepancy between angiography-guided and ultrasound-guided stent abnormalities still remains when excluding these patients from analysis.
Clinical implications
Intravascular ultrasound is significantly more sensitive in defining suboptimal stent deployment leading to thrombosis compared to angiography. Although retrospective, the POST registry suggests that stent malapposition, in-stent thrombus and edge tears/ dissection are important determinants of stent thrombosis. It is not a cost-effective strategy to perform intravascular ultrasound in every stent deployment to identify risk of subsequent thrombosis given the low rate in current interventional practice. However, in cases where the clinical consequences of stent occlusion are great or where problems with antiplatelet therapy are anticipated, intravascular ultrasound is a useful adjunct to angiography in fully defining the optimal deployment of intracoronary stents and in the identification of patients at risk of stent thrombosis.
